Spermatogenesis and steroidogenesis are not fully established during puberty. Especially during this period, children and adolescents may be chronically sleep deprived due to early school hours and constant exposure to artificial light and interactive activities. We have previously shown that sleep restriction (SR) during peripuberty impairs sperm motility and has consequences on epididymal development in rats. Thus, this study aimed to evaluate the effect of SR during peripuberty on sexual hormones and its impact on testicular tissue. Rats were subjected to 18 h of SR per day for 21 days or were maintained as controls (C) in the same room. The circulating luteinizing hormone levels were decreased in SR rats without changes in the follicle stimulating hormone levels. Plasma and intratesticular testosterone and corticosterone in the SR group were increased in relation to C group. These alterations impair testicular tissue, with decreased IL-1β, IL-6, and TNFα levels in the testis and diminished seminiferous epithelium height and Sertoli cell number. SR also increased testicular lipid peroxidation with no alteration in antioxidant profiles. There were no significant changes in sperm parameters, seminiferous tubule diameter, histopathology, spermatogenesis kinetics, neutrophil and macrophage recruitment, and IL-10 concentration. Our results show that SR unbalances sexual hormones and testicular cytokines at a critical period of sexual maturation. These changes lead to lipid peroxidation in the testes and negatively influence the testicular tissue, as evidenced by diminished seminiferous epithelium height-with apoptosis of germinative cell-and Sertoli cell number. 
Introduction
Although sleep occupies approximately one-third of the life of humans, many of its effects on health remain unrecognized [1] . In USA, 8% of 6-to 11-year-old children and up to 29% of 12-to 14-year-old teenagers sleep less than 8 h per night [2] . In children and adolescents, early school hours and constant exposure to artificial light and interactive activities, such as television andinternet, could be the cause of insufficient sleep [1, 3, 4] . Furthermore, video game playing has been reported to affect sleep quality [5] .
Studies show that good sleep quality has a direct effect on the neuroendocrine reproductive control axis and hormonal homeostasis [6, 7] , especially during puberty when several events leading to maturation of the hypothalamic-pituitary-gonadal axis occur, and initiate the species' reproductive cycle [8] . In addition, sleep loss affects sexual behavior, interferes with the male rat reproductive system, impairs spermatic viability [9] . A previous study from our group showed that sleep restriction (SR) for 21 days during peripuberty is capable to affect the epididymal postnatal development with increased lipid peroxidation [10] .
Sexual postnatal development is divided into four stages in male rats: neonatal (postnatal day-PND 0 to PND 7), infantile (PND 8 to PND 21), juvenile (PND 22 to PND 35), and peripubertal (PND 36 to PND 55-60) periods [11] . All these phases are regulated by mechanisms related to hormonal and genetic conditions [12] .
Sleep disturbances are also commonly associated with some metabolic disturbances due to increased oxidative stress [13, 14] . This could be associated with the removal of reactive oxygen species (ROS) produced in the wake cycle, by an increased antioxidant activity [15] . In sleep-deprived adult rats, testicular redox balance was altered [16] as was epididymal redox balance in peripubertal male rats exposed to SR [9] . In addition, sleep plays a critical role in immune system maintenance [17] , which influences cytokines under normal and pathological conditions [18] . We have previously shown that SR affects the inflammatory profile in the epididymis of peripubertal male rats [9] .
In the male reproductive system, many inflammatory and immunoregulatory cytokines are already known to be produced by somatic and spermatogenic cells under physiological stimuli [19] . These molecules regulate immunological processes within the testis as well as many aspects of normal testicular function associated with fertility [20] .
Although some studies addressing the influence of SR on sexual hormones, oxidative and inflammatory profile, there is no available data about the effects of SR on testicular redox balance and cytokine production, especially during puberty-an important window of testicular development. Thus, the present work aimed to evaluate whether SR during the peripubertal phase could impair testicular tissue, and to determine the role of sexual hormone concentration and testicular cytokines in these possible alterations.
Materials and methods

Ethics
The experimental procedures were conducted in accordance with the Ethical Principles in Animal Research adopted by the Brazilian College of Animal Experimentation, and were approved by the Ethics Committee on Animal Use of the State University of Londrina (CEUA/UEL protocol number 3467.2014.86).
Experimental protocol
Peripubertal 30-day-old (PND 30) male Wistar rats weighing approximately 125 g were supplied by the Animal Facilities House, Biological Sciences Centre, State University of Londrina (CCB-UEL), and were acclimatized to the new environment for 10 days before the experimental period began. Rats were randomly distributed into 2 groups (15 animals/group), and subjected to an experimental period between PND 40 and 61. Animals from the control group (C) were maintained in polypropylene cages (43 × 30 × 15 cm) with laboratory grade pine shavings as bedding throughout the experiment (three animals per cage). Rats in the SR group were exposed to SR by the modified multiple-platform method [21] . These rats were placed inside a water tank (140 × 60 × 30 cm) containing 20 circular platforms (each 6.5 cm in diameter) with the water level within 3 cm of the upper surface. The animals could move within the tank by jumping from one platform to another. When they reached the paradoxical sleep phase, muscular atonia caused them to fall into the water and awake. The rats were kept in the water tank for 18 h (beginning at 16:00) and were allowed to sleep for 6 h in polypropylene cages (three animals per cage, from 10:00 to 16:00) every day for 21 days, which provided partial compensation for sleep loss [22] . Throughout the study, the experimental room was maintained at a controlled temperature (23 ± 2
• C) with a 12 h light-dark cycle (lights on at 07:00 and off at 19:00). The rats had free access to food and water placed on a grid on top of the tank. The water in the tank was changed daily. The light-dark cycle was maintained as usual.
Material collection
Rats were weighed and 500 μl of blood was collected from the tail vein-before the anesthetic administration-for determination of corticosterone levels. The animals were then anesthetized with a combination of ketamine (Quetamina, Louveira, Brazil; 10 mg/kg, intramuscular) and xylazine (Anasedan, Paulínia, Brazil; 2 mg/kg, intramuscular) and euthanized by cardiac puncture on day 22 of the experiment (PND 62). The testes were removed and weighed. Blood was collected (between 8:00 and 11:30 a.m.) for determination of the sexual hormone levels.
Oxidative stress status assay Tissue preparation
The left testes (n = 10/group) were prepared according to the method described by Zimiani et al. [23] (adapted from skeletal muscle homogenization). Total radical-trapping antioxidant parameter
The total antioxidant capacity of the testis was measured by CL (Promega, Madison, USA), according to the method used by Repetto et al. [27] . This method measures the low-molecular weight water-soluble antioxidants and Trolox ((±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid, Sigma-Aldrich, Saint Louis, USA), a soluble analogue of α-tocopherol, is used as the standard for antioxidant capacity comparison. For this, 40 μL of supernatant testis homogenate (50 mg/mL) was used. The reaction medium also contained 20 μM 2-azo-bis-(2-amidinopropane) and 200 μM luminol at 30
• C. The total quenching time for the supernatant was compared with that for trolox quenching and the results were expressed as μM trolox.
Total, reduced, and oxidized glutathione levels
The total glutathione levels in the testis homogenate supernatant were determined using 5,5 -dithiobis (2-nitrobenzoic acid). Oxidized glutathione (GSSG) was determined in supernatant that was previously incubated with 4-vinylpyridine for 60 min at 20
• C according to the method described by Tietze [28] . Reduced glutathione (GSH) was calculated by subtracting the GSSG value from the total glutathione value and the results were expressed as μM mg −1 protein.
The glutathione redox ratio was calculated according to the formula [GSSG/(GSH + GSSG)] × 100 [29] .
Inflammatory profile Myeloperoxidase activity
Myeloperoxidase (MPO) is an enzyme that is abundant in the azurophilic granules of neutrophils and has been used as a biochemical marker of neutrophil infiltration into various tissues. Thus, the MPO colorimetric assay was used to assess neutrophil migration to the testis. Frozen samples were homogenized as described above and centrifuged (16,100× g, 2 min, 4
• C). The resulting supernatant was assayed spectrophotometrically for MPO activity determination at 450 nm. Briefly, 5 μL of the supernatant was mixed with 200 μL of 50 mM phosphate buffer (pH 6.0) containing 0.167 mg/mL o-dianisidine dihydrochloride and 0.015% hydrogen peroxide [30, 31] . The results of the MPO activity assay are expressed as the number of neutrophils per mg of tissue using a standard curve of neutrophils (196-400,000 cells).
N-acetyl-β-D-glucosaminide activity
N-acetyl-β-D-glucosaminide (NAG) activity was determined by an adapted colorimetric method previously described by Horinouchi et al [32] . Briefly, 20 μL of the supernatant previously described for MPO activity, was placed in a 96-well plate, followed by the addition of 80 μL of 50 mM phosphate buffer, pH 6.0. The reaction was initiated by the addition of 2.24 mM 4-nitrophenyl NAG. The plate was incubated at 37
• C for 10 min, and the reaction was stopped by the addition of 100 μL of 0.2 M glycine buffer, pH 10.6. Enzymatic activity was determined spectrophotometrically at 400 nm (Multiskan GO Microplate Spectrophotometer, Thermo Scientific, Vantaa, Finland). The results of the NAG activity assay are expressed as the number of macrophages per mg of tissue using a standard curve of macrophages (196-400,000 cells).
Cytokine assay
Testicular samples were collected, homogenized in 500 μL of icecold buffer containing protease inhibitors, centrifuged (3000× g, 10 min, 4
• C), and the supernatants were used to measure IL-1β, IL-6, TNFα, and IL-10 levels using enzyme-linked immunosorbent assay kits from R&D systems (Minneapolis, USA). The results were expressed as picograms (pg) of cytokine per mg of protein [33] .
Sperm parameters
For the sperm count, right decapsulated testes (n = 5/group) were weighed and homogenized as described previously by Robb et al. [34] , with adaptations described by Siervo et al. [35] . After dilution of the homogenate, a small sample was transferred to a Neubauer chamber (four fields per animal) for counting the homogenizationresistant spermatids (stage 17-19 of spermatogenesis). To calculate the daily sperm production (DSP), the concentration of spermatids per testis was divided by 6.1 [34] , which is the number of days in which mature spermatids are formed in the seminiferous epithelium. For sperm morphology analysis, the contents of the vas deferens were removed by internal rinsing with 0.5 mL of 10% saline formol. Smears on histological slides were prepared from this solution and observed under a photomicroscope (Motic, Richmond, Canada) at 400× magnification. Two hundred spermatozoa were analyzed per animal. Morphological analysis was classified into three general categories: normal morphology, head abnormalities (without characteristic curvature or isolated form, i.e., no tail attached), and tail abnormalities (broken, rolled into a spiral, and isolated, i.e., no head attached). This analysis was performed as described by Fernandes et al. [36] .
Histological processing
The right testis (n = 5/group) was removed, fixed in Methacarn (60% methanol, 30% chloroform, 10% acetic acid), embedded in Paraplast, and sectioned at 5 μm. The sections were stained with hematoxylin and eosin (HE) and examined for subsequent analyses.
Histopathological and morphometric analysis
One hundred random testicular cross-sections per animal were observed for histopathological analysis, using a microscope (Motic, Downloaded from https://academic.oup.com/biolreprod/article-abstract/100/1/112/5054037 by OUP site access user on 18 March 2019 Richmond, Canada; 100× and 400× magnifications). The seminiferous tubules were considered as normal or abnormal, according to the cellular alterations in the seminiferous tubules. The abnormal tubules were subdivided as follows: immature germ cells in the lumen, acidophilic cells, and vacuolization [35] .
Seminiferous tubule diameters were measured using a photomicroscope (Motic, Richmond, Canada; 400× magnification) and BELview software (version 6.2.3.0 for Windows-BEL Engineering, Monza, Italy). For this, 10 random testicular cross-sections per animal at stage IX of the seminiferous epithelium cycle were examined. Likewise, the seminiferous epithelium height was measured using the same tubules and methodology mentioned above. In each seminiferous tubule, the mean of four measures for diameter and height was calculated and used for statistical analysis.
Spermatogenesis kinetics and Sertoli cell number
For evaluation of the spermatogenesis kinetics, 100 random tubular sections per animal were classified into four categories: stages I-VI, VII-VIII, IX-XIII, and XIV of the seminiferous epithelium cycle, as described by Leblond and Clermont [37] under a microscope (Motic, Richmond, Canada) at 100× and 400× magnification.
To evaluate the Sertoli cell number, nuclei were counted in histological sections from the rat testes in 20 seminiferous tubules per rat at stage VII of spermatogenesis.
TUNEL assay
Apoptotic cells in testicular tissue were detected by the indirect TUNEL method (ApopTag Plus Fluorescein In Situ Apoptosis Detection Kit-Chemicon, USA CAT#S7110). This assay uses an antidigoxigenin antibody that is conjugated to a fluorescein reporter molecule (FITC). Testicular sections were prepared according to the manufacturer's instructions. Then, the sections were counterstained with DAPI. Since the staining intensity is affected by photobleaching, the testicular cross-sections were evaluated qualitatively using a Leica photomicroscope.
Hormonal assay
After collection, the blood samples were centrifuged at 2400× g for 20 min (4
• C) for plasma separation. All hormones were measured by radioimmunoassay using the double-antibody method. The plasma samples were assayed for luteinizing hormone (LH) and follicle stimulating hormone (FSH) using specific kits for LH and FSH measurement provided by the National Hormone and Peptide Program (Harbor-UCLA, USA). The primary antibodies for LH and FSH were anti-rat LH-S10 and FSH-S11, and the references were LH-RP3 and FSH-RP2, respectively. The lower limit of detection for LH was 0.04 ng/mL and that for FSH was 0.2 ng/mL. The intraassay coefficients of variation were 3.4% for LH and 3.0% for FSH. The plasma levels of testosterone were determined using a specific kit provided by MP Biomedicals (Orangeburgh, NY, USA). The lower limits of detection were 0.07 pg/mL and the intra-assay coefficient of variation was 4.0% [38] . For corticosterone measurement, plasma was extracted with ethanol, and the assay was carried out using a specific standard and antibody (Sigma-Aldrich, Saint Louis, USA) as well as tritiated hormone (Amershan, USA). Separation of free and bound fractions was performed using coal-dextran (0.5/0.05%). The minimal detectable level was 0.08 ng/mL, and the intra-assay and inter-assay error was 4.5% and 11%, respectively. All samples were measured in duplicates and were included in the same assay to avoid inter-assay errors. The antibodies used are listed at Supplementary table 1.
For intratesticular testosterone concentration, 50 mg of testicular parenchyma was sliced and each piece was placed into a 1.5-mL microfuge tube containing 1.0 mL Medium 199 (M199). The M199 was buffered with 0.71 g /L sodium bicarbonate (NaHCO 3 ) and 2.1 g/L Hepes and contained 0.1% BSA (bovine serum albumin) and 25 mg/L soybean trypsin inhibitor, pH 7.4. Testosterone concentration was assessed by incubating parenchyma in duplicate, for 2 h at 34
• C. After centrifugation (5 min, 10,000× g), the medium was frozen at −70 • C until testosterone assay, which was performed as described previously.
Statistics
The variance between the CL curves was compared using two-way ANOVA with the post hoc Bonferroni test. For other analyses, an unpaired t-test or the nonparametric Mann-Whitney test was used depending on the data distribution. Differences were considered significant when P < 0.05. Statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, USA; version 6.01).
Results
Testis and seminal vesicle weights
The absolute weights of the testes (C = 1.22g ± 0.03; SR = 1.24 g ± 0.04, mean ± SEM) and seminal vesicles (full of seminal fluid: C = 0.67 g ± 0.05; SR = 0.60 g ± 0.03; and empty of seminal fluid: C = 0.38 g ± 0.03; SR = 0.33 g ± 0.02, mean ± SEM) did not change after the SR period.
Oxidative stress status assay SR induced a significant increase in the CL curve compared to that in the Control group ( Figure 1A ). On the other hand, the antioxidant system defense (total radical-trapping antioxidant parameter [TRAP] and glutathione levels-total, reduced, and oxidized) was not affected by SR, which is shown by the similar levels between the Control and SR groups ( Figure 1B-E) .
Inflammatory profile
The testicular IL-1β, IL-6, and TNFα levels were decreased in SR animals, whereas the IL-10 levels were not altered (Figure 2A-D) . Neutrophil recruitment to the testicular tissue and macrophage migration was not affected by SR ( Figure 2E and F) as demonstrated by the MPO and NAG assay, respectively.
Sperm parameters
The sperm count in the testes (C = 111.74 ± 6.99 × 10 6 ; SR = 114.50 ± 4.97 × 10 6 (mean ± SEM)) was similar between groups and so was the DSP (C = 18.32 ± 1.15 × 10 6 ; SR = 18.77 ± 0.81 × 10 6 ). SR did not alter sperm morphology since the number of head and tail malformations were similar between both groups (the percentage of normal sperm: C = 60.2 ± 9.0; SR = 48.8 ± 7.4 (mean ± SEM)).
Testicular morphometric and histopathological analysis
The values of these analyses are shown in Table 1 . The SR group presented a significant decrease in seminiferous epithelium height (P < 0.01). On the other hand, the seminiferous tubular diameter was not affected by SR. Histopathological analysis of the testicular tissue demonstrated that both groups had a similar number of normal tubules. The results are represented on Supplemental Figure S1 .
Spermatogenesis kinetics and Sertoli cell number
The percentage among spermatogenesis kinetics stages was similar between the groups. However, the Sertoli cell numbers were decreased by SR (P < 0.01). The values are presented in Table 2 .
Apoptotic cells
We observed a large number of apoptotic cells in SR group, which were evidenced by the TUNEL assay. The most labeled cells were spermatogonia and spermatids. In contrast, there are rare apoptotic cells in Control group (Figure 3) . On both groups, there are no Sertoli cells labeled.
Hormonal profile
Plasma concentration of LH was decreased ( Figure 4A ), whereas the FSH levels remained unchanged ( Figure 4B ) in SR rats compared to those in the C group. The plasma and intratesticular testosterone ( Figure 4D and E) and plasma corticosterone ( Figure 4C ) levels increased in the SR group in relation to the C group.
Discussion
Alterations in reproductive hormone release in sleep-restricted animals occur because sleep is capable of modulating endocrine function [1] . Chronic stress and elevation of plasma corticosterone concentration has been shown to decrease the basal circulating LH levels, in addition to blocking the LH surge in rats, by inhibiting the hypothalamus-pituitary-gonadal (HPG) axis [39, 40] . This could be the mechanism involved in the lower level of LH observed in SR rats. In addition, the high production of testosterone, evidenced by higher levels in the gland and consequent plasmatic levels, provides feedback to the hypothalamus and hypophysis, thus inhibiting GnRH and LH secretion. In addition, the reduced number of Sertoli cell directly influences on androgen-binding protein secretion [41] , which could augment the bioavailability of testosterone at testicular tissue. These results differ from those observed in adult male rats showing that sleep deprivation (SD) for 96 h [8, [42] [43] [44] , and SR for 14 days [45] result in decreased testosterone concentration. Furthermore, according to Alvarenga et al. [8] , LH and FSH levels did not change after the SD or SR period in adult male rats. The differing results observed in our study could be due the period of life when sleep loss was applied, mainly because the peripubertal male is more sensitive to the negative feedback of gonadal steroids than is the adult [46] . Thus, we suggest that the testicles are more susceptible to SR during postnatal development, because the HPG axis is more sensitive to perturbations. Accordingly, these alterations impair testicular tissue as shown by the several modifications observed in the gland. It is well established that corticosterone augmentation causes oxidative damage in many tissues including the liver, kidney, heart, stomach [47] , brain [48, 49] , lung [50] , and testis [51, 52] . On testis, a two-fold increase on corticosterone levels (the same observed at the present study) is capable to alter testicular redox balance [52] . In addition, plasmatic corticosterone is commonly increased in sleeprestricted adult rats [53] [54] , which is in agreement with our results and could be related to oxidative stress profiles.
The augmentation of CL curves in our work corroborates a previous study showing that SR for 14 days increases testicular malondialdehyde in adult rats [16] . On the other hand, the total antioxidant capacity and glutathione levels did not change in our study in contrast with the results obtained by Akindele et al. [16] , where the levels of antioxidant enzymes like superoxide dismutase and catalase were increased in relation to those in the control animals (adult rats, 14 days of SR). Thus, these data demonstrate that SR affects testicular tissue with an increase in lipid peroxidation. In a longer SR protocol as in the present study, the antioxidant system of this organ is defective and does not protect the tissue from lipid peroxidation. In a recent study from our group [9] , SR under the same conditions used in this study (18 h of SR per day, for 21 days) resulted in increased lipid peroxidation and total antioxidant capacity (TRAP), and reduced glutathione (GSH) levels in the caput epididymis, with increased lipid peroxidation and GSH levels in the cauda epididymis. It is thus evident that different organs from the same system experience oxidative injury after SR but with different intensities.
Physiological ROS levels may function as signals to promote cell proliferation and survival, whereas increased ROS can induce autophagy and apoptosis by damaging the cellular components [55] . In this context, the present study shows a decrease in Sertoli cell number in SR rats, which is related with increased testicular lipid peroxidation (CL curves), and consequent decrease on Sertoli proliferation. Although most studies report that Sertoli cell number increased in rats only around 15-20 PND [56, 57] , new studies have been suggested that in adult testis, there is tight regulation of Sertoli cell proliferation in vivo [58, 59] . In this context, unlike other terminally differentiated cells, Sertoli cells express a puzzling mixture of proliferation inducers and inhibitors [60] . Chaudhary et al. (2005) [61] report that an altered expression of specific genes can allow reentry of postmitotic Sertoli cells into the cell cycle. Thereby, we hypothesize that SR affects the Sertoli cell proliferation at the early days of SR period. However, more studies are necessary to elucidate the molecular mechanism behind the alteration on Sertoli cell number caused by SR.
Sertoli cells are the only type of somatic cell within the seminiferous tubules, and their functions include regulation of spermatogenesis as physiological, structural, and nutritional support for male germ cells [62] . Therefore, the reduction in epithelium height after SR is related with the decreased Sertoli cell number, since the number of Sertoli cells will determine sperm production because each Sertoli cell will only support a limited number of germ cells [63] . In addition, increased lipid peroxidation generally caused by an excessive amount of ROS and a defective reduction/oxidation balance leads germ cells to cell death pathways, as evidenced by TUNEL assay.
In contrast with seminiferous epithelium height, sperm count in testis did not change. This is related with the spermatogenesis stage standardization used on morphometric analysis. Seminiferous tubules on stage IX were selected because they have only one generation of round spermatids [36] and the measures at that stage avoid variability which ordinarily occurs depending on spermatogenesis stage. Thereby, elongated spermatids on seminiferous epithelium border and spermatozoa on seminiferous tubules lumen were not evaluated by morphometric analysis.
Sertoli and Leydig cells are the major producers of IL-6 within the testis, the first in response to stimulation by FSH and the last under LH control [64] . Accordingly, the decreased Sertoli cell number and reduced LH levels after SR might be reducing the testicular IL-6 production. At physiological levels, within the normal seminiferous tubules, TNF-α is synthesized by germ cells to protect these cells from apoptosis [65] . Therefore, since the FSH concentration did not change, the diminished production of TNF-α in the testicular tissue is related with the reduction in seminiferous epithelium height. Lastly, IL-1β has equal efficacy as that of FSH in stimulating Sertoli cell proliferation [66] , even during prepuberty [67] . Thus, the decreased testicular IL-1β is also related with the decreased Sertoli cell number in the present study. Taken together, the imbalance in testicular cytokine concentrations, which have physiological functions in this organ at low levels, is in accordance with the alterations observed in testicular tissue after SR, as altered seminiferous epithelium height and decreased Sertoli cell number. Our study reinforces that normal concentrations of cytokines regulate testicular functions under normal conditions, and suggest that these proteins have an important role during testicular postnatal development.
Some studies that evaluated systemic or tissue cytokine profiles (except in the testis) after sleep loss in animals [68, 69] and humans [70, 71] showed that IL-6, IL-1β, and TNFα are commonly increased. The different results observed in the current study compared to those of others could be due to the significant difference in the testicular immune microenvironment in relation to that in the other tissues. The "immunological privilege" of the testis is necessary to prevent the immune response against the auto-antigens of the meiotic and haploid germ cells [64] . In addition, androgens contribute to testicular immune privilege by negatively regulating the local immune responses and systemic tolerance to auto-antigens, which are in accordance with cytokine levels [72] .
Concerning leukocyte recruitment, no alterations in macrophage and neutrophil activity were observed, which is in accordance with the normal aspects of the seminiferous epithelium observed in the histopathological analysis, since no immune cells were found in the lumen or the inflammatory infiltrate. Thus, although testicular cytokines were altered, it is reasonable to point out that no alterations were observed in the immune cells, since testicular cells constitutively produce cytokines, with no necessity for immune cell participation [20] .
In the current study, the normal values observed in both groups for sperm number, DSP, spermatogenesis kinetics, and sperm morphology are in accordance with the normal FSH levels. These results are in agreement with previous data by Alvarenga et al. [8] , in which adult male rats showed no alterations in sperm concentration and morphology after 21 days of SR or 96 h of continuous SD. This demonstrates that sleep loss in these experimental conditions did not affect the spermatogenic process despite the impairment of testicular cytokines and oxidative stress levels.
To our knowledge, the present publication is the first report to show the effects of SR during testicular postnatal development. We thus conclude that SR during peripuberty affects the HPG axis. This alteration impairs testicular tissue with an evident influence of testicular cytokine imbalance and augmentation of lipid peroxidation.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Histopathological and morphometric analysis of testis. Note the normal aspect of testicular tissue of Control (A) and SR (B) groups, with no histopathological alteration. Despite the maintenance of seminiferous tubule diameter at stage IX, there is a decrease on epithelium height in SR group (D) when compared to Control group (C). ×200 magnification. HE stain. Supplemental Table S1 . Antibody Table. 
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